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The laminar smoke-point properties of nonbuoyant round laminar jet diffusion flames

were studied emphasizing results from long duration (100-230s) experiments at microgravity

carried out on Orbit in the Space Shuttle Columbia. Experimental conditions included

ethylene-and propane-fueled flames burning in still air at an ambient temperature of 300K,

initial jet exit diameters of 1.6 and 2.7 mm, jet exit velocities of 170-1630 ram/s, jet exit

Reynolds numbers of 46-172, characteristic flame residence times of 40-302 ms, and

luminous flame lengths of 15-63 ram. The onset of laminar smoke-point conditions involved

two flame configurations: closed-tip flames with first soot emissions along the flame axis

and open-tip flames with first soot emissions from an annular ring about the flame axis.

Open-tip flames were observed at large characteristic flame residence times with the onset of

soot emissions associated with radiative quenching near the flame tip; nevertheless, unified

correlations of laminar smoke-point properties were obtained that included both flame

configurations. Flame lengths at laminar smoke-point conditions were well-correlated in

terms of a corrected fuel flow rate suggested by a simplified analysis of flame shape. The

present steady and nonbuoyant flames emitted soot more readily than earlier tests of

nonbuoyant flames at microgravity using ground-based facilities and of buoyant flames at

normal gravity due to reduced effects of unsteadiness, flame disturbances and buoyant

motion. For example, laminar smoke-point flame lengths from ground-based microgravity

measurements were up to 2.3 times longer and from buoyant flame measurements were up to

6.4 times longer than the present measurements at comparable conditions. Finally, present

laminar smoke-point flame lengths were roughly inversely proportional to pressure, which is

a somewhat slower variation than observed during earlier tests both at microgravity using

ground-based facilities and at normal gravity.
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Introduction

The laminarsmoke-pointpropertiesof jet diffusion flames(e.g.,the luminousflame

length,fuel flow rate,characteristicresidencetime, etc.,at the onsetof sootemissions)are

useful observablesoot propertiesof non-premixedflames. For example, these measures

provide a means to rate several aspects of flame sooting properties: the relative propensity of

various fuels to produce soot in flames [1-4]; the relative effects of fuel structure, fuel

dilution, flame temperature and flame pressure on the soot emission properties of flames [5-

14]; the relative levels of continuum radiation from soot in flames [15-17]; and effects of the

intrusion of gravity (buoyancy) on emissions of soot from flames [i8-26]. Laminar smoke-

point properties generally are measured using buoyant round laminar jet diffusion flames,

surrounded by co-flowing air in order to prevent pulsations characteristic of buoyant jet

diffusion flames in still environments. Laminar smoke-point properties found using this

configuration are relatively independent of burner diameter and co-flow velocities, tending to

enhance their value as global measures of soot properties [9,10]. Recent studies, however,

suggest that the laminar smoke-point properties of buoyant and nonbuoyant laminar jet

diffusion flames are fundamentally different [19-26]. Thus, the overall objective of the

present investigation was to measure the laminar smoke-point properties of nonbuoyant

flames, due to the relevance of nonbuoyant flames to most practical industrial processes

where effects of buoyancy are small.



The potential differencesbetweenthe laminar smokepropertiesof buoyant and

nonbuoyantflamescanbeattributedmainlyto thedifferenthydrodynamicpropertiesof these

flames[24-27]. In particular,sootparticlesaretoolargeto diffuse like gasmoleculessothat

they areconvectedby gasvelocitiesasidefrom minor effectsof thermophoresis[24]. As a

result, flow accelerationdueto gravitationalforcesin buoyantroundlaminarjet diffusion

flamesimplies thatsootmainlynucleatesneartheflamesheetandthenis drawntowardfuel-

rich conditionsnearertheflameaxis,promotingsootgrowthfor anextendedresidencetime,

beforethesoot finally crossestheflamesheetwithin anannularsootlayerneartheflame tip

to reachsoot oxidationconditions. This type of soot path,denotedsoot-formationflame

conditions by Kang et al. [27], tendsto promotesootgrowth and inhibit soot oxidation,

enhancingthe tendencyof theflame to emit soot. On the otherhand,flow decelerationin

nonbuoyantroundlaminarjet.diffusion flamesimpliesthatsootmainly nucleatesin thecool

coreof the flameat fuel-richconditionsandthenis drawndirectly towardand throughthe

flamesheet,sothatsoottendsto leavetheflameovera relativelyextendedregion. This type

of sootpath,denotedsoot-formation-oxidationconditionsby Kanget ai. [27], tendsto inhibit

soot growth and enhancesoot oxidation comparedto buoyant flames having similar

characteristicresidencetimes, reducingthe tendencyof the flame to emit soot. Thus, the

sootnucleation,growth,andoxidationenvironmentsof buoyantandnonbuoyantlaminarjet

diffusion flamesarequite different, providing significant potential for different laminar

smoke-pointpropertiesaswell.



Severalstudiesof the laminarsmoke-pointpropertiesof nonbuoyantlaminar jet

diffusion flameshavebeenreported,motivatedby the potential effects of buoyancyon

laminarsmoke-pointproperties,seeRefs.18-25andreferencescited therein. Most of these

studiesusedground-basedmicrogravityfacilities to observenonbuoyantflames,finding that

laminar smoke-pointflame lengthswere significantly smaller and laminar smoke-point

characteristicresidencetimesweresignificantlylargerfor nonbuoyantthanbuoyantflames.

Thesedifferencesgenerallyhavebeenattributedto thedifferent sootpathsin buoyantand

nonbuoyant flames that were just discussedas well as increasedeffects of radiative

quenching in nonbuoyant flames due to their increasedcharacteristic residencetimes

comparedto buoyantflames. A concernabouttheseresults,however,is that limited testing

usingspace-basedmicrogravityfacilitiesyieldedsignificantlydifferentresultsthanobserved

usingground-basedmicrogravityfacilities [25]. Thus,theobjectiveof thepresentstudywas

to morecompletelyaccessthesedifferencesby measuringlaminarsmoke-pointproperties

during long-termexperiments(100-230s)at smallg-jitter conditionscarriedout on orbit in

the SpaceShuttleColumbia(flightsSTS-83and94). The scopeof thestudywaslimited to

roundethylene-andpropane-fueledlaminarjet diffusion flamesburning in still andslightly

vitiated air atpressuresof 35-130kPa.

Experimental Methods

Experimental methods ,,viii be described only briefly, see Urban et al. [25] for details

about the apparatus and instrumentation and Linet al. [28] for a tabulation of test conditions.



The laminar jet diffusion flameswerestabilizedat the exit of round fuel nozzles located

along theaxis of a windowedchamberhavinga diameterandlength of 400 and740 mm.

Thechamberwas filled with oxygen/nitrogenmixturesto provide thenominalcomposition

of dry air (21 _+1%oxygenby volume). Thepropertiesof the gassurroundingthe flames

varied slightly over the presentrelatively long test times becausethe test chamberwas

closed. The greatestchangeinvolvedthegascompositionbut eventhischangewasmodest

with maximumoxygenconsumptionsneverexceeding2%by volumeduringany test. These

conditionswere maintainedby periodicallyventingthechamberto spaceandaddingfresh

dry air in theperiodbetweentests.

Stainlesssteelfuel nozzleshavinginsidediametersof 1.6 and 2.7 ram, lengths of 148

mm and inlet flow straighteners yielded nonswirling fully developed laminar flow at the jet

exit. The test fuels were stored in cylinders and delivered to the nozzles through solenoid

valves and a mass flow rate controller and sensor. The flames were ignited with a hot wire

coil that was retracted from the nozzle exit once the flame was stabilized.

Monitoring measurements included the fuel flow rate, the fuel inlet temperature, the

chamber pressure, and the chamber gas temperature [25,28]. The flames were observed using

a color CCD video camera (Hitachi, Model KP-C553) with a 125 x 164 mm field of view

and a 25 mm depth of field centered on the flame axis. Flame images were recorded at a rate

of 30 images/s and could be measured with a spatial resolution better than 0.3 mm. Initial
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fuel flow ratesweresetin excessof laminarsmoke-pointflow ratesandcouldbeadjustedup

to +_30% in 5%steps,to achievethedesiredfinal conditionsnear(within 5%)but generally

smaller than laminarsmoke-pointfueI flow rates.Therewere 3 teststhat wereexceptions

where initial excessivelylarge fuel flow rates preventedfinally reaching flame lengths

shorterthanlaminarsmoke-pointconditions,asnotedby Lin et al. [28].

A total of 21 flameswereobserved,yielding the following rangesof testproperties:

ethylene-and propane-fueledflames,ambientair temperaturesandpressuresof 300 K and

35-130 kPa, jet exit velocities and Reynolds numbersof 170-1630mrn]s and 46-172,

characteristicresidencetimes,tch,of 40-302ms, and luminous flame lengths,L, of 15-63

mm.

Flow Visualization

Results and Discussion

Typical of many past observations of nonbuoyant round laminar jet diffusion flames

[18-22, 24, 25, 28], the present flames could be grouped into closed-tip and open-tip

configurations. The difference between these two configurations was particularly noticeable

in the vicinity of the laminar smoke-point as illustrated by the photographs of Fig. 1. These

photographs show the flame appearance as the fuel flow rate is increased in the transition

region where the laminar smoke-point is approached and exceeded for ethylene-fueled
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flameshaving1.6mmjet exit diameters.Theupperseriesof photographsshowthebehavior

of largercharacteristicresidencetime flames(largerthan80 ms) wheretheflame tips were

blunt (open-tip)throughoutthetransitionto sootemittingconditionsandthefirst emissionof

sootwasassociatedwith anannularregionsurroundingtheflameaxisandhavinga diameter

comparableto the maximum flame diameter.The lower seriesof photographsshow the

behaviorof smallcharacteristicresidencetimeflames(smallerthan80 ms)wherethe flame

tips wererounded(closed-tip)andthe first emissionof sootwasassociatedwith the flame

axis. Even theseflames,however,eventuallyexhibit open-tipbehavioras fuel flow rates

increasedbeyondthe laminarsmoke-pointcondition.Thus,tip openinggenerallyis closely

associatedwith laminarsmoke-pointconditionsfor nonbuoyantflames,which hasalsobeen

observedby severalotherinvestigators,seeRefs.18-22andreferencescited therein.

Measurementsof sootconcentrationsin thepresentflamesusingdeconvolutedlaser

extinctionshowthatsoot iscontainedwithin anarrowannularring andthatnosoot is present

at the flame axis for open-tip conditions [25]. Correspondingsoot temperaturesusing

deconvolutedmultiline emissionmeasurementsshowthat soot temperaturesprogressively

decreasewith increasingstreamwisedistancesinopen-tipflamesandreachvaluesof roughly

1000K near the flame tip [25]. Low reactionratesat suchconditionsareconsistentwith

quenching of soot oxidation, allowing soot to escapefrom the flame tip. The main

mechanismcausingthis progressivereductionof temperatureis continuumradiation from



soot.This radiativeheatlossbecomesmoresignificantwith increasingstreamwisedistance

dueto theprogressivereductionof flow velocitieswhich involvesa correspondingreduction

of transportandthusreactionratesat the flame sheet. The corresponding reduced chemical

energy release rates, combined with progressively increasing radiative heat losses due to

increasing soot concentrations, provides ample potential for quenching and thus tip-opening

and corresponding emissions of soot. In contrast, buoyant diffusion flames have

progressively increasing velocities and thus increasing transport rates with increasing

streamwise distance, due to effects of buoyancy, so that soot emissions occur due to rapid

mixing and insufficient residence time to complete soot oxidation rather than by radiative

quenching [25]. Finally, this latter condition is approached by nonbuoyant flames at short

residence times where effects of radiative quenching are reduced, tending toward the closed-

tip laminar smoke-point behavior illustrated in the lower photograph of Fig. 1.

Luminous Flame Lengths

Similar to the observations of luminous flame lengths at the smoke-points of buoyant

round laminar jet diffusion flames due to Schug et al. [5], the present luminous flame lengths

at the smoke-points of nonbuoyant round laminar jet diffusion flames were closely associated

with the fuel flow rate as suggested by the simplified analysis of Lin et al. [28]. This

behavior is illustrated in Fig. 2 where present measurements of laminar smoke-point

luminous flame lengths are plotted as a function of the corrected fuel flow rate based on the
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resultsof the simplified flame shape theory for nonbuoyant laminar jet diffusion flames of

Ref. 28. The open symbols on this plot denote the three test conditions where soot emitting

flames just beyond the laminar smoke-point conditions were measured; nevertheless, these

measurements are very similar to the remaining results which were at the laminar smoke-

point but were not emitting soot. The one data point remote from the rest was at the lowest

pressure tested, 35 kPa, where luminous flame lengths and the onset of soot emitting

conditions were more difficult to observe due to relatively small maximum soot

concentrations (less than 1 ppm based on multiline emission measurements). Except for the

one outlier, the correlation between luminous flame lengths and corrected fuel mass flow

rates at laminar smoke-point conditions is seen to be quite good; therefore, laminar smoke-

point properties will be represented by luminous flame lengths alone to simplify the

comparison between present measurements and the earlier findings of Refs. 5, 16 and 24.

An explanation of the luminous flame length behavior observed in Fig. 2 can be

obtained from the flame shape correlations of Lin et al. [28] for nonbuoyant round laminar jet

diffusion flames in still air. These results are based on a simplified analysis due to Spalding

[29] for this flame configuration. Ignoring small effects of the virtual origin, this correlation

can be written to yield the luminous flame length as a function of the corrected fuel flow rate

parameter used in Fig. 2, as follows:

L = (3C,/32)(4 ria Sc/(Zs, ttrt)) (l)

l0



Following Ref. 28,a simplecorrelationof Eq. (1) wasfitted to themeasurementsof flames

in air environmentsusingvaluesof Scand_.for air at roughly theaverageof the adiabatic

flametemperatureandtheambienttemperature(thevaluesusedaresummarizedon theplot).

The correlationshownin thefigure is for Cf = I for flamesat the laminarsmoke-pointfrom

Lin et al. [28], in contrastto Cf ---0.5 for soot-freeblue flamesfrom Sunderlandet al. [30].

The longersoot-containingflamesareconsistentwith luminositydueto thepresenceof soot

at fuel-leanconditionsfor flamesat thetransitionto sootemissions[28].Finally, it is evident

thatEq.(1) providesasurprisinglygoodcorrelationbetweenluminousflame lengthsandthe

correctedmassflow ratefor presentobservationsof nonbuoyantroundlaminarjet diffusion

flamesinspiteof theapproximatenatureof theSpalding[29] analysis.

Laminar Smoke Points

In view of the different mechanisms leading to the onset of soot emissions for

buoyant and nonbuoyant laminar jet diffusion flames, it is not surprising that they have

substantially different laminar smoke-point properties. This behavior is illustrated in Figs. 3

and 4 by plots of laminar smoke-point flame lengths for ethylene- and propane-fueled flames.

Measurements illustrated in the figures include results for nonbuoyant flames having jet exit

diameters of 1.6 and 2.7 mm from the present space-based experiments, results for

nonbuoyant flames having jet exit diameters of 1.6, 2.7 and 5.6 mm from Sunderland et al.
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[24] usingground-basedmicrogravityfacilitiesandresultsfor buoyantflameshavingjet exit

diametersof 10.0mm from Schugetal. [5] and 14.3mm fromSivathanuandFaeth[16].

Thereareseveralinterestingfeaturesaboutthe measurementsillustrated in Figs. 3

and4. First of all, anobviousfeatureof theseresultsis that thepresentlaminarsmoke-point

flame lengthsof the nonbuoyantflamesaresignificantlysmaller thahthoseof the buoyant

flames.For example,the laminarsmoke-pointflamelengthsof thebuoyantflamesareup to

6.4timeslarger thanthepresentnonbuoyantflamesat comparableconditions.This behavior

comesabout becausethe presentnonbuoyant flames have much larger characteristic

residencetimes(up to 300 ms [28]) thanthebuoyantflames(only up to 50 ms[241)due to

buoyancy-inducedmotionin spiteof thegreaterlengthof thebuoyantflames.This provides

greaterpotentialfor radiativeheatlossesfor thenonbuoyantflames,leadingto the radiative

quenchingmechanismof sootemissionsdiscussedin connectionwith Fig. l concerningtip

opening.

An importantfeatureof the laminarsmoke-pointflame lengthsillustratedin Figs. 3

and4 for thepresentnonbuoyantflamesis thattheyaresignificantlysmallerthanresultsfor

nonbuoyantflamesusingground-basedmicrogravity facilities. For example,the laminar

smoke-point flame lengthsof the nonbuoyantflamesusing ground-basedmicrogravity

facilities are up to 2.3 times longerthan the presemnonbuoyantflamesat comparable

conditions.This behavioris causedby thecloserapproachto steadyandnonbuoyantflame

propertiesof the long-termspace-basedexperimentscomparedto therelativelyunsteadyand

12



disturbedmicrogravityenvironmentof ground-basedmicrogravity facilities. For example,

flow velocitiesareverysmall nearthe flametip of nonbuoyantlaminar.jetdiffusion flames

[24] and can be disturbed by small levels of g-jitter with the resulting enhanced mixing

deferring radiative quenching. This behavior is exacerbated by the relatively slow

development of nonbuoyant flames for the jet exit diameters considered during the ground-

based microgravity tests [25]. Further evidence of enhanced mixing for the ground-based

microgravity tests compared to the space-based tests is provided by the observations of

generally shorter luminous flame lengths at comparable conditions for the ground-based

results, e.g., 30% shorter as discussed by Lin et al. [28].

Another difference between the laminar smoke-point properties of nonbuoyant flames

using ground- and space-based microgravity facilities involves the pressure dependence. In

particular, the present long-term microgravity experiments yield laminar smoke-point flame

lengths that are roughly inversely proportional to pressure. In contrast, the more disturbed

microgravity environment of the ground-based facilities yields laminar smoke-point flame

lengths that are inversely proportional to pressure to the 1.4 power. This latter behavior is

even a stronger pressure variation than observed for buoyant flames where Flower and

Bowman [11-14] report laminar smoke-point flame lengths inversely proportional to pressure

to the 1.3 power. Differences of the pressure dependence of these magnitudes are of interest

for gaining a better understanding of soot formation in diffusion flames, see Glassman [10],
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which highlights the importanceof achievingtruly steadyandnonbuoyantdiffusion flame

conditionsfor reliableexperimentalresults.

Otherpropertiesof thelaminarsmoke-pointflamelengthsplottedin Figs.3 and4 are

qualitatively similar for nonbuoyantspace-basedflames,nonbuoyantground-basedflames

andbuoyantflames.For example,effectsof jet exit diameteron laminarsmoke-pointflame

lengthsaresmall in all threecases,which agreeswith thewell-known behaviorof buoyant

flames,seeGlassman[9,10]. This behavioris expectedfor buoyant flamesbecauseboth

their flameheightsandcharacteristicresidencetimesare independentof jet exit diameter,

with the latterbeing largelya functionof flameheight [16]. This behavioris not expected

for nonbuoyantflames,however,becausewhile their flame lengthsare independentof jet

exit diameterasdiscussedin connectionwith Fig. 2, their characteristicresidencetimes

decreasewith decreasingjet exit diameter[24] whichshouldleadto correspondingincreases

of laminarsmoke-pointflame lengths. Suchincreasesarenot observedandexplainingthis

behaviormerits furtherstudy. Finally, the laminarsmoke-pointflame lengthsof ethylene-

fueled flames are smaller than those of propane-fueled flames for all three flame conditions

considered in Figs. 3 and 4. This behavior agrees with past observations of the greater

propensity to soot of ethylene-fueled compared to propane-fueled laminar jet diffusion

flames [5,15,16].
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Conclusions

The smoke-pointpropertiesof nonbuoyantroundlaminarjet diffusion flames were

observed during long term (100-230s) experiments at microgravity using space-based

facilities. Measurements included ethylene- and propane-fueled flames burning in still air at

an ambient temperature of 300 K, pressures of 35-130 kPa, jet exit diameters of 1.6 and 2.7

ram, jet exit velocities of 170-1630 mm/s, jet exit Reynolds numbers of 46-172, characteristic

flame residence times of 40-302 ms and luminous flame lengths of 15-63 mm. The major

conclusions of the study are as follows:

I. The onset of laminar smoke-point conditions involved either a closed-tip configuration

with first soot emissions along the flame axis or an open-tip configuration with first soot

emissions from an annular ring about the flame axis and having a diameter comparable to the

maximum flame diameter. Closed- and open-tip flames were observed at small and large

characteristic flame residence times, respectively, which supports earlier observations that

open-tip behavior is caused by radiative quenching of soot oxidation near the flame tip.

2. Luminous flame lengths at laminar smoke-point conditions were equally well correlated

for both closed- and open-tipped flame conf'igurations in terms of a corrected fucl flow rate,

independent of the jet exit diameter, as suggested by the sirnplificd flame shape analysis of

Lin et al. [28]. These flame lengths were roughly 30% longer than flame lengths at laminar
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smoke-point conditions measuredusing ground-basedmicrogravity facilities due to

decreasedeffectsof unsteadinessandg-jitter.

3. The present steady and nonbuoyant flames emitted soot more readily than Other

nonbuoyantflames at microgravity using ground-based facilities and buoyant flames at

normal gravity. For example, the laminar smoke-point flame lengths of nonbuoyant flames

from ground-based microgravity facilities were up to 2.3 times longer than the present

measurements at comparable conditions due to effects of unsteadiness and g-jitter; similarly,

the laminar smoke-point flame lengths of buoyant flames were up to 6.4 times longer than

the present measurements at comparable conditions due to effects of buoyancy-induced

motion.

4. Laminar smoke-point flame lengths as a function of pressure were identical for both

closed- and open-tipped flames, and were roughly inversely proportional to pressure and

relatively independent of jet exit diameter for the present nonbuoyant flames. In contrast, the

laminar smoke-point flame lengths of nonbuoyant flames using ground-based microgravity

facilities and buoyant flames at normal gravity were inversely proportional to pressure to the

1.4 and 1.3 power, respectivelY, due to effects of unsteadiness, g-jitter and buoyancy-induced

motion. All flame conditions considered, however, indicated that laminar smoke-point flame
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lengthsaregenerallysmallerfor ethylenethanfor propane,reflectingthegreaterpropensity

to sootof ethylenecomparedto propane.

Nomenclature

Cr flame lengthparameter

d fuel portdiameter

D massdiffusivity

L laminar smoke-point flame length

rh fuel mass flow rate

p pressure

Re flame Reynolds number, 4 rh/(r_dg)

Re,, jet exit Reynolds number, 4 rh/(=dP.o)

Sc Schmidt number, v/D

to,_ characteristic residence time, 2L/Uo

u streamwise velocity

Z,, stoichiometric mixture fraction

bt dynamic viscosity

v kinematic viscosity

p density

Subscript
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burnerexit condition
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List of Figures

Fig. 1 Photographsof roundnonbuoyantlaminarjet diffusion flamesin still air asthe fuel

flow rate is increasedin the transition region where the laminar smoke-point is
approachedandexceededfor ethylene-fueledflameswith a 1.6mmjet exit diameter.
Upperseriesof photographsare for open-tipsmoke-pointbehaviorat 100kPa; lower
seriesof photographsarefor closed-tipsmoke-pointbehaviorat 50 kPa.

Fig. 2 Luminous flame lengths as a function of corrected fuel flow rate for round

nonbuoyant laminar jet diffusion flames in still air at the laminar smoke-point.

Correlation based on simplified analysis of Linet al. [28].

Fig. 3 Laminar smoke-point flame lengths of ethylene-fueled round nonbuoyant and

buoyant laminar jet diffusion flames burning in air as a function of pressure.

Nonbuoyant KC-135 results from Sunderland et al. [24], buoyant results from Schug

et al. [5] and Sivathanu and Faeth [16].

Fig. 4 Laminar smoke-point flame lengths of propane-fueled round nonbuoyant and buoyant

laminar jet diffusion flames burning in air as a function of pressure. Nonbuoyant KC-

135 results from Sunderland et al. [24], buoyant results from Schug et al. [5] and

Sivathanu and Faeth [16].
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